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Abstract 

Site-specific reconstituted nanoparticles were fabricated via electrochemically- 
controlled biomineralization through the immobilization of biomolecules. The work 
reported herein includes the immobilization of ferritin with various surface modifications, 
the electrochemical biomineralization of ferritins with different inorganic cores, and the 
electrocatalytic reduction of oxygen on the reconstituted Pt-cored ferritins. Protein 
immobilization on the substrate is achieved by anchoring ferritins with dithiobis-N- 
succinimidyl propionate (DTSP). A reconstitution process of site-specific electrochemical 
biomineralization with a protein cage loads ferritins with different core materials. The 
ferritin acts as a nano-scale template, a biocompatible cage, and a separator between the 
nanoparticles. This first demonstration of electrochemically controlled site-specific 
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reconstitution of biomolecules provides a new tool for biomineralization and opens the way 
to produce the bio-templated nanoparticles by electrochemical control. The nanosized 
platinum-cored ferritins on gold displayed good catalytic activity for the electrochemical 
reduction of oxygen, which is applicable to biofuel cell applications. This results in a 
smaller catalyst loading on the electrodes for fuel cells or other bioelectronic devices. 

Keywords: Ferritin, immobilization, reconstitution, QCM, electrocatalyst 

1. Introduction 

The immobilization of biomolecules on electrode surfaces is of great importance 
and interest in biosensor [1,2] and bioelectronic [3,4] applications. To develop the 
electrodes for the bioelectronic applications, system miniaturization and compact 
integration are equally important. Various inorganic molecules appear to be good 
candidates as energy storage and generation materials. If they are easily incorporated 
into biological molecules by employing bioinorganic chemistry techniques, a basic 
power unit can be formed on a small scale. 

The ferritin used in this work is a natural iron storage protein that presents a high 
degree of structural similarity across a wide range of biological species [5], The ferritin 
molecule is composed of 24 organic subunits that form a segmented hollow protein shell 
with an outer diameter of 12 nm and an inner diameter of 8 nm. The mineral core of 
naturally existing ferritins is composed of an antiferromagnetic iron oxide (ferrihydrite) 
within its hollow and spherical protein interior. The assembled structure of ferritin is 
remarkably stable and robust, and able to withstand biologically extreme high temperatures 
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(up to 70 °C) and wide pH variations (2.0 ~ 10.0) [6]. Ferritin protein has hydrophobic and 
hydrophilic molecular channels through the protein shell, which enables the removal of the 
inorganic phase in vitro by reductive dissolution. The reconstitution of ferrihydrite cores 
into a ferritin protein cage proceeds through remineralization of apoferritin, which has a 
protein shell without a core, by Fe 2+ oxidation, usually by O 2 . A synthesis of ferrimagnetic 
ferritin (y-FeiCb) was achieved by a chemical remineralization procedure [7,8] with the 
assistance of H 2 O 2 oxidant in 3-[(l,l-dimethyl-2-hydroxyethyl)amino]-2-hydroxy- 
propanesulfonic acid(AMPSO) buffer (pH 8.5) at 65 °C under N 2 gas. Biomineralization of 
other metals (i.e., Co [9,1 1], Mn [12-14], Ni [15], and Pd [16]), semiconductors (CdS) [17], 
and metal-oxo-anions composites [18] into the ferritin cavity has also been reported. Wong 
et al. demonstrated the magnetic transition from superparamagnetic to ferromagnetic CoPt 
cored ferritin [19-20], Tetrachloroplatinate anion was moved to the ferritin core and 
fabricated to Pt nanoparticles by chemical reduction. The electrochemical behavior of the 
physically-adsorbed ferritin molecules on indium-tin oxide (ITO) glass was studied via 
cyclic voltammetry [21,22], Zapien et al. showed that the ferritin was well adsorbed onto 
the ITO substrate from solution at a controlled electrode potential and could be 
electrochemically induced to release the iron core without the need for a reducing agent. 

Ferritin arrays have been produced in many ways to obtain high-density ferritin 
layers. These methods include physical adsorption [23], Langmuir-Blodgett deposition [24- 
26], mechanical scratching [27], protein crystallization [28], and electrostatic interaction 
between ferritin and the terminal functional groups of the self assembled monolayers [29]. 
In the present work, an electrochemically-controlled, site-specific biomineralization was 
demonstrated through the immobilization of biomolecules on a substrate to produce bio- 
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templated nanoparticles. The electrode surface was modified by a molecular anchor to 
ensure a stable adhesion of ferritin molecules and the core was reconstituted with another 
metal by electrochemical methods. We used electrochemical biomineralization for the 
direct reconstitution of immobilized ferritins on a Au electrode. We also demonstrated the 
electrocatalytic behavior of Pt-reconstituted ferritin electrodes for electro-reduction of 
oxygen. 

2. Experimental 

2.1. Ferritin Immobilization 

Immobilization of ferritin on the Au electrode is achieved through two different 
procedures. One approach is to modify the ferritin shell to have a terminal thiol group via 
reaction with thiol-containing organic molecules. Another approach is the modification of 
the Au electrode with thiol-derivatized molecules such as DTSP and then attaching the 
ferritin molecules onto thiol-derivatized molecules as shown in Scheme I. Scheme I shows 
a schematic diagram of the electrochemical reconstitution procedure using immobilized 
ferritin electrodes. DTSP is used as a protein cross-linking reagent through acylation of 
primary or secondary amino groups [30], DTSP is also adsorbed onto Au surfaces through 
the disulfide group, so that the terminal succinimidyl groups are available to react with 
amino-containing biomolecules [31-33], Immobilization of ferritin on the Au electrode is 
achieved by the methods based on DTSP and 3-mercaptopropanol (MPOH) mixed self- 
assembled monolayer (SAM) as shown in Scheme lb. The DTSP modified electrode was 
prepared as follows: poly crystalline gold electrode was cleaned with piranha solution and 
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immersed in a dioxane with 1 mM DTSP containing 10 n iM MPOH for 1 hr at room 
temperature. Then the SAM-modified electrode was thoroughly rinsed with acetone and 
finally with 25 mM HEPES buffer (pH 7.3). Immediately after preparation, the DTSP- 
modified electrode was immersed in a solution of 2 mg/ml ferritin in 50 mM HEPES buffer 
with 50 mM NaCl (pH 7.3). The electrode was immersed in the ferritin solution for 18 hr at 
4 °C and then rinsed with 25 mM HEPES buffer. At this point the ferritin is anchored to the 
Au electrode through the SAM as depicted in Scheme Ic. Electrochemical removal of 
metals from the immobilized ferritin was carried out in 0.05 M phosphate buffer (pH 7.5) 
solution with a chelating agent of ethylenediaminetetraacetic acid (EDTA) bisodium salt at 
room temperature. The ferrihydrite metal core inside the ferritin is removed during a 
potential sweep from 0.5 to - 0.9 V, which is more negative than the reduction potential of 
Fe(III) with EDTA (see Scheme Id). The reduced Fe(II) is released through the hydrophilic 
channel in the ferritin protein shell and chelated by EDTA. After removing the metal cores 
with the chelating agent, the electrode was thoroughly washed with 25 mM HEPES buffer. 
The immobilized ferritin, without the metal core, was immersed into a solution with the 
volume ratio of 3 to 1 of 0.05 M HEPES buffer (0.05 M) and (NH 4 ) 2 PtCl 4 (0.05 M) for 30 
min. The apoferritin containing platinum ion was washed with 0.025 M HEPES buffer 
several times and inserted into 0.05 M phosphate buffer again. Electrochemical 
biomineralization of ferritins with Pt ions was accomplished by a potential sweep from 0.2 
to -1.0 V which is more negative than the potential of PtCl 4 2 ' ion reduction. Platinum ion is 
electrochemically reduced to platinum through potential cycling (see Scheme Ie). 
Repetition of this process increases the number of atoms inside the ferritin. The Pt-cored 
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ferritin was also fabricated through chemical reduction with NaBfh on immobilized 
apoferritin for reference. 

2.2. Thiolation of Ferritins 

The ferritin molecules were immobilized on Au through the modification of the 
ferritin shell directly with thiol groups. The procedure for ferritin thiolation is based on a 
method described by Traut et al. [34,35], with proper modifications to introduce free thiol 
groups on the Au surface for immobilizing the protein molecule. Triethanolamine 
hydrochloride buffer solution consists of triethanolamine hydrochloride (50 mM), KC1 (50 
mM), and MgC^ (1 mM). A stock solution consisting of 2-iminothiolane (0.5 M), 
triethanolamine hydrochloride (1.0 M), and triethanolamine (1.0 M) with a pH of 8.0 was 
prepared immediately before use. The reaction mixture was prepared as follows: 77.73 pi 
of horse spleen ferritin (HoSF) (77 mg/ml) or 85.5 pi of apoferritin (55 mg/ml), 200 pi of 
mercaptoethanol, and 24 pi of the stock solution were placed in a vial and diluted to 20 ml 
with triethanolamine hydrochloride buffer. The reaction was then incubated for 20 min at 0 
°C. After completion, the reaction was quenched by reducing the pH to 4 with a diluted HC1 
solution. The excess reagent was removed by dialysis against 100 volumes of 
triethanolamine hydrochloride buffer at 4 °C for 4 hr. The Au electrode was then i mm ersed 
in the thiolated ferritin solution for more than 1 8 hrs at room temperature and rinsed with 
25 mM HEPES buffer to fabricate an immobilized ferritin SAM. Fabrication of Pt-cored 
ferritins with as prepared thiolated ferritins is similar to that shown in Scheme I. 

2.3. Electrochemical and Microscopic Measurements 
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Cyclic voltammograms (CVs) and linear sweep voltammograms (LSYs) were 
recorded using an EG&G PAR 273A potentiostat/galvanostat controlled by Power 
Suites software. Quartz crystal microbalance (QCM) and electrochemical QCM 
(EQCM) measurements were performed using QCA 922A (EG&G) operated by 
WinEchem software. For QCM/EQCM analysis, Au-plated quartz electrodes (9 MHz 
AT-cut) were cleaned with doubly distilled, deionized water followed by immersing in a 
piranha solution. An increase in mass corresponds to a decrease in frequency according 
to the Sauerbrey equation [36]: 

Am = - CfAf 

where, Am is the mass change, Af is the change in frequency, and Cf is the sensitivity 
constant (here, Cf is 1.068 ng/Hz for our system). Each solution was purged with nitrogen 
for 10 min before the acquisition of the electrochemical measurements. Au on silicon wafer 
(Platypus Technologies, 100 nm gold thickness) electrodes were prepared as working 
electrodes for the electrochemical biomineralization of ferritin, according to the above 
immobilization methods. The Ag/AgCl (in 3 M NaCl) electrode was used as a reference 
electrode. The counter electrode was a spiral platinum wire. Field emission-scanning 
electron microscopy (FE-SEM) equipped with energy dispersive spectroscopy (EDS) and 
scanning transmission electron microscopy (STEM) were carried out on a Hitachi S-5200 
on the immobilized ferritin layers and on the electrochemically and chemically 
reconstituted Pt-cored ferritin. The immobilized ferritin layer was thoroughly rinsed with 
25 mM HEPES buffer and doubly distilled, deionized water, dried in a nitrogen atmosphere, 
and then subjected to microscopic analysis. 
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3. Results and discussion 


3.1. Immobilization of Ferritins 

Figure la and b show the frequency changes during DTSP and MPOH adsorption 
on Au electrode and ferritin immobilization through reaction with succinimidyl groups of 
DTSP on DTSP and MPOH-modified Au electrode, respectively. The electrode was kept in 
the 1 n iM DTSP solution containing 10 mM MPOH in dioxane at room temperature. The 
frequency change during DTSP and MPOH adsorption is 1960 Hz for over 10000 sec. The 
ratio of DTSP to MPOH concentration is 1 to 10. Total number of mixed DTSP and MPOH 
molecule is 1.2 x 10 16 calculated with the same number of DTSP and MPOH composition 
after SAM formation. The frequency change for ferritin reaction with succinimidyl groups 
of DTSP is 1695 Hz for 1000 sec (Fig. lb). The calculated surface coverage of ferritins 
with these numbers is 0.15 considering succinimidyl group dissociation. Figure lc shows a 
FE-SEM image of ferritin immobilized on a DTSP and MPOH-modified Au electrode. 
Immobilized ferritin molecules are well separated from each other on the Au electrode. The 
MPOH has the same molecular chain length compared to hydrolyzed DTSP after SAM 
formation. Single molecules of ferritin were isolated with a sphere-like protein shell of 12 
nm in diameter. The immobilized ferritins were mainly located along the Au grain 
boundaries of high surface energy. Ferritin molecules can be well immobilized through 
various Au surface treatments with thiol-derivatized molecules. The ferritin population on 
the Au electrode increases with increasing reaction temperature (not shown). Highly 
concentrated ferritin layers were obtained through the direct modification of ferritin surface 
with thiol derivatized molecules. Figures 2 show FE-SEM images of a thiolated 
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holoferritin-SAM on Au. The thiolated holoferritin SAM is a highly-packed and well- 
dispersed monolayer of ferritin on the Au electrode. Gold surfaces are considerably covered 
by the thiolated holoferritins and the size of a single ferritin molecule is about 12 nm in 
diameter, which is in good agreement with the literature value for the size of ferritin [5]. 

3.2. Electrochemical Site-Specific Reconstitution of Ferritin 

Figure 3a shows a cyclic voltammogram (CY) of DTSP-modified Au electrode in 
0.05 M phosphate buffer (pH 7.5) at a scan rate of 100 mV/s. It shows the background 
current of 1.53 pA/cm 2 at the DTSP-modified electrodes. The DTSP-modified Au electrode 
was prepared by inserting the cleaned Au substrate into dioxane with 5 mM DTSP for 18 hr 
at room temperature. Disulfides in DTSP undergo dissociative chemisorption onto the Au 
surface to make adsorbed thiolates. In the first scan, the desorption peak of DTSP with 
three carbon chains appears at - 1.0 V. Faradaic reactions were not observed over the 
potential range of 0.2 to - 0.8 V. Hydrolyzed DTSP is reduced to MPOH with one proton 
and one electron on the Au electrode. The desorption peak of DTSP disappeared in the 
second cycle because DTSP molecules were desorbed during the first cycle and the 
electrode surface was cleaned. 

A ferritin-immobilized Au electrode was also prepared following the above 
procedure (Scheme I). The electrochemical behavior of this electrode is shown in Fig. 3b. 
The electron transfer between the ferritin core metals and the substrate occurred easily on 
the immobilized ferritin electrode. The reduction of Fe(III) occurred at - 0.65 V and then 
the current decreased gradually depending on the number of cycles but the oxidation of 
Fe(II) was not observed in the reverse potential scan. The CVs are consistent with the fact 
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that although Fe(II) is soluble in phosphate buffer, Fe(III) is not. The rapid oxidation of 
Fe(II) to Fe(III) occurs at pH 7 forming a white precipitate of FeP 04 , since the phosphate 
anions have a strong affinity for iron oxyhydroxide[37,38]. Thus, the reduced Fe(II) ions 
are released to the solution as free Fe(II) ions, followed by a reaction with phosphate ions 
to form the FePC >4 precipitate upon oxidation. Therefore, the electro-oxidation of Fe(II) is 
not reversible for the reverse scan. A new cathodic peak grew at - 0.4 V as the cycling 
repeated shown by the arrows in Fig. 3b. This faradaic reaction is likely caused by the 
reduction of accumulated and/or diffused FePC >4 precipitate onto the substrate as observed 
in reported work previously [39]. Figure 3c shows the frequency changes accompanying 
the potential cycling recorded at 10 mV/s in 0.05 M phosphate buffer (pH 7.5) to measure 
the number of Fe atoms released outside the ferritin protein shell. The resonance frequency 
of ferritin-immobilized QCM electrode increases during each cycle due to the release of 
reduced Fe(II) into the buffer solution . The Fe(II) release starts at the reverse potential scan 
except during the fist scan. It indicates the rate of iron release from inside the ferritin is a 
slow process due to the passing of the Fe(II) through the protein shell. The frequency 
changes recorded during each cycle on the immobilized ferritin electrode were + 265, + 139, 
+ 100, + 119, and + 67 Hz, respectively, for the Fe(II) release. This behavior is consistent 
with the CV results (see Fig. 3b) showing reduced cathodic current density depending on 
cycles, indicating that the reduced Fe(II) is released into the solution as had been reported 
previously [29], During the forward scan, the slight decrease of frequency is due to proton 
insertion and precipitation of FePC >4 made by combining reduced Fe(II) and phosphate ions 
on the electrode surface. It shows that the first reduction process of Fe(III) is via proton 
insertion into the FeOOH matrix to form Fe(OH) 2 , followed by the dissolution to free Fe(II) 
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ion, which is then released outside the ferritin protein shell. The measured number of 
ferritins immobilized on DTSP and MPOH-modified Au electrode is 6.59 x 10 from the 
QCA data (Fig. lb). Based on the number of ferritins on the Au electrode, the total number 
of Fe atoms released from one ferritin is approximately 1200, indicating that the ferritin is 
releasing around 57 % of the Fe atoms based on the average number of iron atoms in the 
HoSF core during the first five cycles [38], 

Immobilized ferritin on a DTSP and MPOH-modified Au electrode was inserted 
into 0.05 M phosphate buffer containing 0.01 M EDTA and then electrochemically cycled 
to remove the iron cores inside ferritin (see Fig. 4a). In the first cycle, the reduction peak of 
Fe(III) to Fe(II) appeared at - 0.65 V, the same result with EDTA absent. In the second 
cycle, the reduction process of Fe(III) disappeared because the reduced Fe(II) free ions 
were released outside the ferritin shell and combined with EDTA, and the faradaic current 
did not appear at - 0.4 V. During this process, the state of immobilized ferritins was 
changed from holo- to apoferritin. Pt ions were then added and the Pt ions enterd the 
apoferritin through ionic channels. After washing with HEPES buffer, platinum ions are 
reduced in the apoferritin core through a potential sweep from 0.2 to - 1.0 V. The CV of 
platinum reconstituted ferritin in 0.05 M phosphate buffer (pH 7.5) is shown in Fig. 4b. 
New reduction and oxidation peaks were induced from the Pt metal in the phosphate buffer. 
Two reduction peaks and the corresponding oxidation peaks at a more negative potential 
than - 0.5 V are likely due to the phosphate ion reduction and oxidation on the platinum 
particle in the ferritins. The reduction peaks of platinum oxide and gold oxide occurred at - 
0.1 and 0.4 V, respectively. 
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For a clear understanding of this procedure, we tried the same experiment with an 
apoferritin immobilized Au electrode. Chemically-prepared apoferritin was immobilized 
onto the DTSP and MPOH-modified Au electrode. The same procedure was repeated as 
described in Scheme 1 with a (NFL^PtCU solution. The result is shown in Fig. 5. The 
faradaic reaction on the apoferritin immobilized Au electrode did not occur in the potential 
region of 0.7 to - 0.6 V. The reduction of the remaining Fe(III) inside the apoferritin occurs 
at - 0.7 V with a small shoulder. A CY of platinum reconstituted ferritin shows similar 
results as the electrochemical reconstitution of immobilized holo ferritin shown in Fig. 4b. 
Each peak current induced from Pt increases depending on the number of dipping cycles. 
On the other hand, the reduction process of gold oxide at 0.4 V decreased due to the 
increased amount of platinum inside the ferritin. The frequency changes recorded during 
insertion of platinum ions into the ferritin were about - 364 Hz for 3000 sec (see Fig. 5c). 
Based on the number of apoferritins on Au electrode (5.49 x 10 from QCA data (not 
shown)), the total number of inserted platinum ions inside a ferritin is around 127 Pt/ferritin 
due to the large size of PtCh 2 '. 

Figure 6a and b show FE-SEM images of Pt-cored ferritin fabricated by 
electrochemical site-specific reconstitution of ferritin using mixed SAM-modified and 
thiolated apoferritin-modified Au electrodes, respectively. The reconstituted Pt-cored 
ferritin is well-isolated and dispersed across the entire electrode. The size of Pt-cored 
ferritin is slightly smaller than Fe-cored ferritin because the ferritin size depends on the 
number of metal atoms inside the ferritin protein shell. Fig. 6b is an FE-SEM image of the 
thiolated apoferritin after reconstitution with Pt. The small white spots in the image are the 
Pt-cored ferritins with very small amount of Pt atoms. Naturally existing ferritins have a 
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negatively charged surface at pH 7.5 because the isoelectric point of ferritin is around pH 
4.5. Therefore, the platinum ion (PtCLf) is repelled from the ferritin surface due to the 
electrostatic repulsion. Nevertheless, the ferritin molecule might have different pathways 
and binding sites for anions in the ferritin molecule itself allowing for the Pt reconstitution 
[18]. The entrance of platinum ions into the ferritin is clearly verified with chemically 
reduced Pt-cored ferritins (Fig. 7). Only the metal cores inside the ferritin cage can be seen 
in the STEM image due to the relatively low density of the protein shell. The STEM image 
shows Pt 2 oo-cored ferritins with an average platinum diameter of 1.96 nm analyzed by 
SIMAGIS Nanotube™. Using this method, we can control the number of metal atoms 
inside the ferritin by controlling the total charge passed and the valence of the target metal, 
as determined by the electrolyte type, pH, and the engaged potentials. In addition, this 
procedure allows for an electrochemical biomineralization with various metals along with 
an easy reconstitution without the constraints imposed by stringent operating conditions of 
pH, temperature and an anaerobic environment. 

3.3. Electrochemical Behavior of Pt-Cored Ferritin 

The electrocatalytic behavior for oxygen reduction was evaluated with the 
electrochemically site-specific reconstituted Pt-cored ferritin electrodes. Figure 8 shows 
LSVs for oxygen reduction at a bulk platinum electrode and reconstituted Pt-cored ferritins 
immobilized on the Au electrodes through various surface treatments in 0.05 M phosphate 
buffer (pH 7.5) saturated with oxygen. In the 10 th sweep, oxygen reduction on Pt starts 
from 0.1 and 0.3 V on Pt-cored ferritin and bulk Pt, respectively. The reduction peak 
around 0.4 V is induced by gold oxide reduction. The current density of gold oxide 
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reduction at each electrode depends on the surface coverage of Pt-cored ferritin on the Au 
electrode. The thiolated ferritin-immobilized electrode forms the highest populated film 
among these surface treatments. The rising slope in current is similar at the Pt-cored ferritin 
electrodes, indicating that the oxygen reduction kinetics is almost identical without regard 
to the preparation methods. The cathodic currents were limited due to the diffusion process 
through the protein shell. The cathodic current density at the chemically prepared Pt-cored 
ferritin electrode for oxygen reduction is the highest among the Pt-cored ferritin electrodes 
due to the population and number of Pt atoms inside the ferritin. This is in good agreement 
with the FE-SEM results. Although the Pt-cored ferritin needs an overpotential of 0.2 V to 
activate compared with bulk Pt, the peak potentials are similar. It is important to note that 
the amount of Pt in the Pt-cored ferritin electrode is much smaller than the bulk Pt at the 
same geometric electrode area. The surface coverage and the number of Pt atoms in the unit 
area of ferritin-immobilized electrode are much smaller than those of bulk Pt, but the 
current density of electrochemically prepared Pt-cored ferritin represents only half that of 
the bulk Pt electrode. Estimation of the amount of Pt on the electrode is around 1.36 pg/cm 2 
with 127 Pt atoms in an electrochemically reconstituted ferritin (Fig. 5c) and roughly 1.78 
pg/cm 2 with 200 Pt atoms on the chemically prepared Pt-cored ferritins (Fig. 7), 
respectively. This indicates that the electrocatalytic current of the ferritin-stabilized 
platinum nanoparticles is enhanced by the large surface areas and particle size phenomena 
in spite of lower loading rate of catalyst. The results shown here were reproducible even 
after the electrode was left exposed to air for several days. 

4. Summary 
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The ferritin protein has hydrophobic and hydrophilic molecular channels through 
the protein shell, which makes it possible to remove and insert new inorganic phases. 
Platinum anion coordinated with chloride ions enters the ferritin interior through these 
channels. Therefore, we can easily modify the electrode surface using immobilization and 
electrochemical methods with various metal ion solutions without complicated chemical 
treatments such as extraction, dialysis, and column treatments for removing the unbound 
metal ions. In addition, the electrocatalytic reduction of oxygen on the nanostructured 
platinum nanoparticles stabilized with ferritin biomolecules is enhanced by the large 
surface areas and particle size effects. This method may open up numerous possibilities for 
practical applications of immobilized ferritins such as high-density data storage devices, 
bioelectronic devices, and biosensors. 
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Figure Captions 


Scheme I. Schematic diagram for the electrochemical reconstitution of ferritin on 
immobilized ferritin electrodes. 

Fig. 1. Frequency changes during (a) DTSP and MPOH adsorption on Au electrode and (b) 
ferritin immobilization on DTSP and MPOH-modified electrode, (c) FE-SEM image of 
immobilized ferritins on DTSP and MPOH-modified Au electrodes. 

Fig. 2. FE-SEM images of the SAM of (a) thiolated ferritins on the Au electrode, (b) 
Magnified image of thiolated ferritins. The cleaned Au electrode was inserted into the 
solution with thiolated ferritin for 18 hr and 24 hr at 4 °C. 

Fig. 3. (a) CV of DTSP-modified Au electrode in the 0.05 M phosphate buffer at a scan rate 
of 100 mV/s. (b) CVs, and (c) EQCM data of immobilized ferritin on DTSP and MPOH- 
modified Au electrode in 0.05 M phosphate buffer (pH 7.5). 

Fig. 4. CVs of immobilized ferritin on (a) DTSP and MPOH-modified Au electrode in 0.05 
M phosphate buffer (pH 7.5) containing with 0.01 M EDTA. (b) CV of platinum 
reconstituted ferritin in 0.05 M phosphate buffer. 

Fig. 5. CV of immobilized apoferritin on DTSP and MPOH-modified Au electrode in 0.05 
M phosphate buffer (pH 7.5). (b) CVs of platinum reconstituted ferritin in 0.05 M 
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phosphate buffer for first and second dipping processes, (c) Frequency decrease upon 
addition of platinum ions such that its final volume ratio of HEPES buffer (0.05 M) to 
platinum ions (0.05 M) is 3 to 1. The experiment was performed at open circuit potential. 

Fig. 6. FE-SEM images of Pt-cored ferritin fabricated by electrochemically site-specific 
reconstitution using (a) the DTSP- and MPOH-modified and (b) the thiolated apoferritin- 
modified Au electrodes, respectively. 

Fig. 7. STEM image of chemically prepared Pt-cored ferritins. STEM image was taken 
after addition of 200 PtC'U ~ into an apoferritin for 30 min and then reduction with NaBFE 
for 10 min. 

Fig. 8. LSVs of bulk Pt (line 1) and Pt-cored ferritins (lines 2 (chemically prepared Pt-cored 
ferritin), 3 (electrochemically reconstituted Pt-cored ferritin), and 4(electrochemically 
reconstituted Pt-cored thiolated apoferritin)) in 0.05 M phosphate buffer (pH 7.5) with 
saturated oxygen. The scan rate was 100 mV/s. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 6. 
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Fig. 7. 
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